T HE relative impermeability of the cerebral vasculature to protein is related to the presence of closed, pentalaminar endothelial cell junctions. 1~ These closed junctions have been equated in a general way with the blood-brain barrier to protein; it has also been stated that an apparently reduced micropinocytosis across capillary endothelial cells in the nervous system may be important in the phenomenon we know as the blood-brain barrier/ In a previous, preliminary study of human malignant tumors, mostly glioblastomas, in which an absence of the blood-brain barrier to protein had been demonstrated by the use of fluorescein-protein tracers) we discovered open capillary junctions, gaps between capillary endothelial cells, and fenestrated capillary walls. We postulated that these defective capillary walls were the anatomical paths by which the proteinlabeled tracers could gain access to the extracellular space within these tumors and that their presence could explain the absence of a blood-brain barrier phenomenon.
Meningiomas and schwannomas also have no blood-brain barrier to protein. Both tumors stain brightly with intravenously injected sodium fluorescein, and supratentorial meningiomas are easily demonstrable by most forms of radioactive brain scanning. 4 This study reports a search for an anatomical substrate that will explain the absence of a blood-brain barrier phenomenon within these tumors.
Material and Method
Tissue was obtained from 12 meningiomas and seven schwannomas. All of the common types of meningiomas are represented in this series except for the angioblastic variety; ultrastructural studies on the latter will be presented separately. Meningiomas were found in supratentorial s and infratentorial 2 locations as well as in the spinal canal. 2 No significant differences in their characteristics were discovered, so all will be described as a group. Four of the schwannomas were located in the cerebellopontine angle, one on the 12th nerve intracranially, and two in the spinal canal.
All of the supratentorial tumors were shown to be permeable to protein-bound tracers by their fluorescence following the intravenous injection of 7 cm "~ of 20% sodium fluorescein administered at about the time the skin incision was made. All of the supratentorial meningiomas were also demonstrated by technetium brain scan. The tumor tissue was removed at surgery as soon after the tumor was exposed as possible. Small pieces of tumor were immediately immersed in 2.5% glutaraldehyde in phosphate buffer and diced as soon as the tissue was firm. Aldehyde fixation continued for 4 to 24 hours followed by 1 hour of osmication. The tissue was then processed in the usual fashion for embedment in aldehyde. Thin sections were cut in an LKB Ultramicrotome and examined in the RCA E M U 4B electron microscope. Additional samples of the tumor were submitted for standard histological diagnosis to Drs. J. H. Sung and Angeline Mastri of the Division of Neuropathology. Fluorescence microscopy was carried out on fixed and fresh tumor tissue according to standard methods. 
Results

M eningiomas
All of the meningiomas, as visualized under low-power electron microscope scanning, were characterized by an apparent paucity of blood vessels. Red blood cells could be seen, but very few structures were identifiable as capillaries. There were arteries and veins with muscular walls but only a few capillaries with definite endothelium surrounded by a basal lamina. Under higher magnification, however, it was obvious that there were many small capillaries almost sinusoidal in type (Fig. 1) . The majority of these vessels had definite endothelial cells joined by junctions that were quite tortuous, often twisting in and out of the plane of section, and very difficult to trace over long distances (Fig. 2 ). There were many short junctions, however, which appeared to be patent and showed no evidence of pentalaminar, closed configuration. These were present in all types of capillary but were not seen in more complex vessels with larger muscular walls. In many of these sinusoids the lining cell was similar to the cells of the tumor; it appeared that red blood cells were circulating through sinusoidal clefts within the tumor without _complete vascular configuration (Fig. 3) . The extracellular space of the tumor communicated freely with these clefts by gaps between the lining cells. This was true not only in the sinusoids, which were difficult to identify as blood vessels, but also in those with more usual configuration of capillaries with obvious endothelial cells and a basal lamina (Fig. 4) . It therefore appears that the vascular system of these tumors is composed of three types of blood vessel: large vessels whose configuration is not unusual, capillaries in which the vascular lumen is in obvious continuity with the extracellular space through gaps in (Fig. 4) .
In addition to the obvious space between endothelial cells, which could be properly termed "gap junctions," there were other definite abnormalities of the vascular wall. Occasionally very large gaps bearing no resemblance to junctions were encountered. In addition, there were many examples of what Brightman, et a'l., have termed "fenestrated capillary walls" (Fig. 5 ). 2 These capillary walls consist of small islands of endothelium connected by individual single membranes. It does not require much imagination to conceive that rupture of these very thin membranes may account for the large gaps found in vascular walls.
There were two tumors in which a fortunate happenstance allowed patency of junctions to proteinaceous fluid to be demonstrated. Each of these tumors had an extremely thick proteinaceous material in the vascular lumen that stained heavily with uranyl acetate and could be traced through the open gap junctions from vascular lumen to extracellular space (Fig. 6) . Several of the tumor samples were treated in lanthanum nitrate solutions. In only one of these was fixation adequate; this demonstrated a comparable continuity that could be traced from the vascular lumen through the clefts between endothelial cells and into the expanded extracellular space (Fig. 7) .
In these same two tumors an additional interesting observation was made. The endothelial cells of each of these tumors contained large numbers of micropinocytotic vesicles (Fig. 8) . These were present both on the luminal and contraluminal sides but primarily on the latter in close approximation to the basal lamina. There is good evidence that these ultrastructural vesicles do correspond to pinocytotic vesicles, and that the relative lack of pinocytosis in brain capillaries can be correlated with the apparent barrier to protein, z This makes the occurrence of many vesicles very interesting, but, of course, the significance of such an Fro. 6. Meningioma. Electron micrograph showing that proteinaceous content of the capillary lumen (L) is extremely electron-dense and can be traced for long distances in the extracellular space. A completely patent junction between strips of endothelial cell cytoplasm is denoted by the arrow," this junction immediately widens into an expanded extracellular space filled with the same proteinaceous material. X 30,100.
observation cannot be decided from static pictures.
Schwannomas
The ultrastructural pattern of the vasculature of schwannomas was much easier to identify than that of meningiomas. The large blood vessels again had typical normal characteristics. Capillaries were of much more normal configuration, generally being round with a continuous endothelial cell lining and a well-defined basal lamina. They were usually surrounded by a very large extracellular space. These vessels were much less complex than the sinusoidal syncytium found in the meningiomas, and the junctions between endothelial cells were generally straight and obviously patent without signs of pentalaminar structure (Fig. 9) . Two of the tumors did demonstrate thin-walled, sinusoidal vessels very similar to those found in meningiomas. These were both large tumors of the cerebellopontine angle and in both a very large extracellular space filled with collagen was present. In addition there was a significant amount of necrosis and these sinusoids were found in the areas of obvious necrosis. They were thin-walled, lined with elongated endothelium, and the fenestrated membranes described for meningiomas were very common (Fig. 10) .
Fluorescence Microscopy
The results of fluorescence microscopy in these tumors were not striking. Only the supratentorial meningiomas were studied. the dye and sampling was rarely more than 30 minutes. Findings were limited to a diffuse fluorescence against which unstained tumor cells contrasted sharply. Klatzo 7 has identified this as an extracellular pattern of spread. The tracer leaked freely out of vessels, and unstained endothelial cells were outlined by the dye. These findings suggest extravasation of the tracer primarily between endothelial cells into extracellular space, with little transendothelial or intracellular spread.
Discussion
The discovery of the pentalaminar junction in cerebral vessels by Reese and Karnovsky TM and its subsequent elaboration in terms of a blood-brain barrier to protein by Brightman, et al., 2 certainly are major contributions to our understanding of cerebrovascular permeability. Since Reese and Karnovsky demonstrated that the pentalaminar junction was responsible for the relative impermeability of capillaries to protein, other studies have shown that abnormal permeability to protein in the central nervous system may be related to defects or abnormalities in the endothelial walls of capillaries. Olsson and Hossmann a have demonstrated that the abnormal permeability produced by irrigation of cerebral vessels with certain chemicals is due to breakdown in the capillary endothelium and possible disruption of the pentalaminar junctions. Passage of horseradish peroxidase, an electron-opaque protein tracer, between capillary endothelial cells in cerebral stab wounds and experimental allergic encephalomyelitis has been shown by Hirano, et al. 5, 6 Abnormal capillaries, open junctions, gaps between endothelial cells, and fenestrated membranes in malignant human brain tumors have been described/ Brightman, et al., "~ have found that the fenestrated membranes in some experimental brain tumors are apparently permeable to protein tracers; tumors induced by Rous F1c. 8. Meningioma. Electron micrograph showing microvesicles (my) within endothelial cells clustered in large numbers against the thickened contraluminal region of the endothelial cytoplasm, which corresponds to an abnormal basement membrane (BM) . A portion of a typical meningioma cell occupies the upper portion of the picture. X 40,400.
virus have similar capillaries; and the same fenestrated membranes have been found in areas of cerebral infarction. 1,n,a2 Our investigation of nonmalignant tumors of meningeal and Schwann cell origin also reveals that this lack of a barrier phenomenon can be correlated with gaps between capillary endothelial cells, patent junctions between endothelial cells without junctional substructure or evidence of membrane fusion, and fenestrated membranes. Since reduction in micropinocytosis is a factor in the relative impermeability of cerebral vessels to protein, it is of great interest that in several of our tumors large numbers of vesicles, apparently pinocytotic in nature, were found within vascular endothelial cells. It does not seem necessary to invoke an active transport system to explain the diffusion of fluorescein and other proteinlabeled tracers into these tumors since these capillaries have numerous gaps that would offer no particular impediment to the passage of the protein-rich fluid. The role of increased pinocytosis in these tumors remains undefined. pinocytotic vesicles in vascular permeability.
In our study of human malignant brain tumors, chiefly glioblastomas, 8 we found that these gaps in capillary endothelium and membrane fenestrations were common: yet there were many areas where blood vessels appeared relatively normal or where it simply was not possible to determine with certainty that junctions were open or closed. In meningiomas and schwannomas the situation was quite different. Many junctions could be demonstrated to be open in the schwannomas. Junctions in meningiomas were tortuous and hard to trace but many open junctions were found. Fenestrated membranes and open gaps were extremely common in both tumors. Numerous vessels were opened to the extracellular space by so many of these gaps that the extracellular space could almost be considered a continuous system. Thus, these vessels and the entire extracellular space of these tumors may very well function as a nutritional pathway. In many tumors differentiation between the capillary system and this extracellular syncytium was not possible. This large vascular volume, whose surface area must be much greater than that found in a corresponding volume of normal brain, raises the possibility that part or all of the increased permeability in these tumors is Fro. 10. Schwannoma. Electron micrograph showing two fenestrations (arrows) in endothelial cell membranes. The lumen of the capillary is above, and the basement membrane directly beneath the arrows. X 154,000.
simply a reflection of a greatly increased vascular surface area for transport. It does not seem likely that this is true for protein, but this aspect of the problem still must be investigated.
In our study of human malignant brain tumors the gaps found in capillary endothelial cells were characterized as "open junctions. ''8 After comparing this material with meningiomas and schwannomas, it seems it would be more accurate to call them "gap junctions" for they actually are gaps between endothelial cells and bear little resemblance to normal junctions. By contrast, many of the normal-appearing junctions in meningiomas and schwannomas could be demonstrated to be open. Therefore, a distinction should be made between the gap junctions that were common in human glioblastomas, the open junctions commonly found in meningiomas and schwannomas along with gap junctions, and the fenestrated membranes also demonstrated in both of the benign tumors but much more commonly in meningiomas.
This study certainly corroborates the findings in human malignant brain tumors and lends additional credence to the hypothesis that the increased vascular permeability to protein found in many kinds of human brain tumors is related to abnormal capillary endothelial configurations. This can 4'18 I. Neurosurg. / Volume 38 / April, 1973 best be characterized as an absence of the pentalaminar capillary endothelial cell junction which is the anatomical substrate responsible for the so-called blood-brain barrier.
